One hundred patients with focal epilepsy (44 were children) were evaluated with extraoperative electrocorticography via epidural electrode arrays. Localization of the epileptogenic focus was derived predominantly from recordings made during spontaneously occurring seizures. All resection procedures were carried out under general anesthesia. During anesthesia, the recording of sensory evoked responses made it possible to readily identify the sensorimotor region. Of the 100 patients, 72 underwent resection of an epileptogenic focus, and 33 of these were children. Those who did not have a resection either exhibited a diffuse seizure focus, failed to show an electrical seizure discharge in association with the clinical seizure, failed to have a seizure during the period of monitoring, or failed to exhibit conclusive changes for identifying a focus in the interictal record. Fifty-seven patients (29 children and 28 adults) who had a resection have been followed for between 1 and 12 years. Eighteen (62%) of the 29 children and 18 (64%) of the 28 adults enjoyed a good result.
I N 1978, we described a method tbr surgical management of focal epilepsy 3 in which: l) the surgical procedures are carried out under general anesthesia; 2) the sensorimotor region is identified by recording cortical sensory evoked responses (SER's) under anesthesia; and 3) the epileptogenic focus is localized by extraoperative electrocorticograms (ECG's) made via indwelling epidural electrode arrays during spontaneously occurring seizures. The method was developed because accumulating evidence indicates that the most reliable information for localizing an epileptogenic focus is obtained from recordings made during spontaneously occurring seizures,~-3,1L12 and also because not all patients, especially children, can undergo surgery under local anesthesia. In our previous paper, 3 we reported on the management of 29 patients. Our series now has grown to 100 patients, and includes 20 individuals with temporal lobe epilepsy in whom epidural recording arrays were used in lieu of depth electrodes to localize the focus. The management of these 100 patients and the results of surgery are the subject of this paper.
Clinical Material and Methods

Patient Population
The 100 patients in this series included 44 children aged between 5 months and 14 years. The oldest adult was 51 years old. In all patients, the seizures were intractable to medical management and the patients' condition was intermittently toxic from their anticonvulsant medication. The seizure frequency in the chil-FIG. 1. Electrode array used to record somatosensory evoked responses to localize the somatosensory area. The electrode array is the assembly of numbers in the upper half of the figure and lies over the left temporal lobe, Sylvian fissure, and inferior parietal and frontal lobes. Anterior is to the right. Under each number is a 1 x 2-mm elliptical pure platinum electrode disc. Both the electrode and overlying numbered ticket are embedded in a Silastic medical adhesive (silicone type A), which is fused to the rectangular sheet of medical-grade Silastic (reinforced Silastic sheeting). Tefloncoated lead wires from each electrode are assembled in the cable seen at the top of the figure. The electrode array is positioned to localize the somatosensory face area. In the lower half of the figure is a grid of numbered tickets which are fused to a matrix of narrow Silastic stripping. The position of each ticket corresponds precisely to the electrode positions in the electrode array. The grid of tickets is oriented in the exact position that had been occupied by the electrode array to identify the somatosensory hand area. The orientation was achieved by taking measurements from a few strategically oriented tickets to selected points on the cranial edge. The meandering black line is a piece of 2-0 silk which identifies the central fissure. Prior to removing the electrode array, stimulation is carried out through the recording electrodes to verify the motor point. For example, stimulating through Electrodes 3-4 in the array produced contralateral hand movement, while stimulation through Electrodes 5-6 did not. The grid of numbered tickets permits more detailed stimulation using a bipolar electrode (inter-electrode distance 0.5 mm), if this is required.
dren was from several a week to as many as 100 a day. The majority had been on a ketogenic diet in addition to various regimens of anticonvulsant medication.
Localization of Epileptogenic Focus
For the purpose of this report, electrode arrays used in patients with focal epilepsy, other than partial complex seizures, will be referred to as "hemispheric electrode arrays," in contradistinction to "temporal lobe arrays."
Hemispheric Epidural Electrode Arrays. The method for use of the hemispheric epidural electrode array has been detailed in a previous publication, 3 but the technique will be described again here because there have been some modifications in the procedure.
The general anesthetic permits motor responses to electrocortical stimulation to be used in conjunction FIG. 2. Epidural recording electrode array. The materials used to construct the array are the same as those used in the electrode array for recording sensory evoked responses (see Fig. 1 ). The strip of Electrodes 1 through 5 is moveable, and is positioned to overlie the temporal lobe.
with cortical SER's for localizing the sensorimotor region. The patients are premedicated with only atropine. Anesthesia is induced with halothane, and endotracheal intubation is carried out following administration of succinylcholine, a short-acting depolarizing muscle relaxant. Thereafter, anesthesia is maintained without neuromuscular paralysis with a combination of 50% N20 and 02, and halothane up to 2%. During cortical stimulation, halothane concentration is reduced (to about 0.5%) and it is usually possible to elicit movement. Upon completing cortical stimulation, the patient is paralyzed with pancuronium, artificially ventilated, and maintained on the narcotic, fentanyl, for the remainder of the procedure.
The dural incision to expose the brain is made around the entire circumference of the exposed dura, producing a free dural graft. This is done to minimize the chances for development of postoperative epidural clot which could attenuate the ECG during monitoring. The brain is inspected and cortical SER's are recorded to identify the sensorimotor region. A Silastic template holding three rows of eight linearly oriented electrodes is placed on the cortical surface in a plane parallel to the midline and spanning the presumed location of the sensorimotor region. The inter-electrode distance is 1 cm, and each row is separated by 1.5 cm (Fig. 1) . Simultaneous recordings are made from each adjacent pair of electrodes in the first row (that is, 1-2, 2-3, 3-4, etc.) while the contralateral median nerve is electrically pulsed transcutaneously (1/sec) at the wrist. Stimulus strength is regulated to just above threshold for eliciting movement of the thumb. If a response is not obtained from the first row of electrodes, then recordings are made from the second row, and so on. A switching matrix controlled by a microprocessor is used to select the row of recording sites. The microprocessor is under keyboard command and it can select any row of recording sites in the brief time that it takes to type in the command on the computer (such as "Matrix A"). A special-purpose computer is used to quickly reveal the SER by "averaging" 25 to 50 post-stimulus epochs (100 msec in duration) of electrical activity. The face area is similarly identified, using a light tap to the upper or lower lip as the sensory stimulus. After the sensorimotor region is identified, stimulation through the pair of electrodes just anterior to those overlying the sensory area can be used to produce movement and further verify the location of the sensorimotor region, if this is deemed necessary. The dura is closed and a quasi-rectangular Silastic template holding 48 electrodes is sewn in epidurally (Figs. 2 and 3) . The electrodes are arranged in rows, with an interelectrode distance of 1.0 and 1.5 cm in the sagittal and coronal planes, respectively. The electrode template is placed so that it spans the suspected area of epileptogenicity, its surrounding area, and the sensorimotor region. Care is taken to assure that one of the electrodes immediately overlies the motor hand area. When this condition is met, the number and spacing of the electrodes permit extraoperative recording of the SER's to both the face and hand, and motor responses in the face and hand may be obtained by stimulating through the recording electrodes. The remainder of the closure is completed and recordings usually are begun on the same day.
Both the patient's behavior and the ECG are recorded continuously and displayed side by side on the split screen of a television monitor. The taping of these recordings permits the additional opportunity for replays of any seizure that might occur. This is necessary to determine accurately which cortical area shows the FIG. 4. Grid of numbered tickets oriented on the surface of the brain in exactly the same position that was occupied by the epidural recording electrode array. Tickets 1 through 5 overlie the left temporal lobe; anterior is to the right. The meandering black line is a piece of 2-0 silk identifying the central fissure. Similar to the grid of tickets used in conjunction with recording of sensory evoked responses, the tickets are embedded in a matrix of narrow Silastic stripping with the ticket positions precisely simulating the electrode sites in the epidural array. Prior to removing the epidural array, measurements are taken from several strategic electrode sites to adjacent points on the edge of the calvaria. After exposing the brain, the grid of tickets is positioned on the surface of the brain using the previously made measurements to guide placement. The area of resection is mapped based on the information obtained during the extraoperative recordings. The letters H and F, adjacent to numbers 42 and 22, respectively, identify motor points for the hand and somatosensory points for the face.
first sign of abnormal activity in the moments preceding the onset of a clinical convulsion, essential information for localizing the focus. Because the patient is awake, it is easy to record motor responses to transdural cortical stimulation, in addition to SER's, and to identify the relationship between the sensorimotor region and the focus. If the recordings are from the dominant hemisphere, speech arrest produced by electrical stimulation is used to determine the boundaries of the speech area. Thus, all of the techniques used in localizing an epileptogenic focus during the customary surgical procedure under local anesthesia can be performed by recording and stimulating epidurally with indwelling epidural electrode arrays. The recordings are performed in a leisurely manner, free from the usual stresses of the operating room, and the opportunity of recording the ECG during a spontaneous clinical seizure or, if necessary, an activated one is markedly enhanced.
Recording with the epidural electrode array usually continues for only 24 to 72 hours, since most of these patients have at least several seizures a day. If the observations identify the boundaries of a single epileptogenic focus, then the brain tissue within the epileptogenic zone is excised at a second craniotomy (Fig. 4) ; if not, the surface electrode array is removed and the operative wound closed.
Epidural Recording Electrode Arrays in Patients with Temporal Lobe Epilepsy.
Under general endotracheal anesthesia, a vertical incision is made 1.5 cm anterior to the tragus extending 6 cm above the zygoma. The approach is similar to that used in the conventional extradural temporal approach to the posterior root of the fifth cranial nerve. After dividing the temporalis muscle, a bone button about 2.5 cm in diameter is removed; additional temporal bone is removed inferiorly down to the zygoma with a rongeur. The dura is stripped from the floor of the temporal fossa to expose the foramen ovale. It is not necessary to divide the middle meningeal artery. An electrode array fashioned as a segmental strip and containing seven electrode contacts ( Fig. 5 ) is inserted extradurally until the most medially situated electrode lies adjacent to the foramen ovale. The other six electrode contacts are located in the strip as three separate horizontally oriented pairs, the inter-electrode distance in each pair being 1 cm. The most medial pair is 1 cm lateral to the electrode lying adjacent to the foramen ovale; the other two pairs lie over the inferior and middle temporal gyri, respectively. We estimate that the most medially situated electrodes (1, 2, and 3, see Fig. 5 ) lie adjacent to the hippocampal and fusiform gyri. The lead wires are anchored to the temporalis muscle, the bone button is replaced, and the wound is closed in layers. The procedure is carried out bilaterally.
Extraoperative monitoring, identical to that described for patients with hemispheric recording arrays, is carried out for 1 to 3 days. In those patients in whom a unilateral focus can be demonstrated, an anterior temporal lobectomy is carried out when the epidural arrays are removed. Exposure on the side of the planned lobectomy is obtained by extending the upper end of the temporal incision anteriorly and posteriorly with curvilinear incisions. This results in two separate scalp flaps, and the healed incision has the configuration of an umbrella. The vertical muscle incision is similarly extended.
Results
SER Features Used to Identify the Sensorimotor Region
Somatosensory evoked responses can be used to localize the sensorimotor region because, under our conditions of recording, a response occurs only in the primary somatosensory area, and variably in the motor cortex. 4'1~ The factor that determines whether or not a response is produced in the motor cortex 4 is unknown. It is not related to the presence or absence of anesthesia, or to the side of recording (that is, dominant versus nondominant hemisphere). 4 Responses in association cortex, like those that occur in unanesthetized animals, are not seen.
When a response is evoked only in the somatosensory area, the tracings from the row of linearly oriented electrode sites show responses from only two adjacent pairs of electrode combinations, and these responses are reversed in polarity. For example, simultaneous recordings made from a row of electrodes (1-2, 2-3, etc.) show a response only from 5-6 and 6-7 (identified as Channels 5 and 6, respectively, in Fig. 6 ). Tracings from all other electrode sites show either no response or inconsequential deflections. Since Electrodes 5 and 7 show a response only when they are paired with Electrode 6, and not when they are paired with the other electrodes to which they are adjacent, Electrode 6 is identified as overlying the somatosensory area. When a response is evoked in the motor cortex, in addition to the somatosensory area, responses are recorded from four adjacent pairs of electrode sites, rather than two, and there is a double phase reversal (Fig. 6) .
In a small number of cases, a phase reversal was not seen and only responses of varying amplitude from several adjacent electrode combinations occurred. In these instances, the largest amplitude response usually occurred in the somatosensory area. It is in these patients, and in the patients who show a response in the motor cortex as well as in the somatosensory area, that it is important to verify the location of the motor cortex with cortical stimulation.
Cases In Which SER's are the Only Means of Identifying Sensorimotor Region
In our previous publication, 3 we cited five children in whom the sensorimotor region could be identified only by recording SER's. The motor cortex was electrically inexcitable, and no movement could be obtained with electrical stimulaton in either the anesthetized or awake state. Since that report, we have encountered three additional children with similar findings. The ages of these eight patients ranged from 5 months to 4 years. In three, the ability to identify the sensorimotor region by recording SER's was especially critical. In each of these patients, the seizure focus was shown to extend to the precentral gyrus. Knowing the location of the motor area permitted excision of the focus without incurring hemiparesis.
Surgical Outcome
Of the 100 patients evaluated with epidural arrays, 72 underwent resection of an epileptogenic focus. The remainder either exhibited diffuse or multiple epileptogenic foci, failed to show an electrographic focus in association with the clinical seizure, failed to have a seizure during the monitoring period, or failed to show in the interictal record conclusive changes for identifying a focus. Of the 72 patients who underwent resection, 57 have been followed for 1 or more years. Of these, 29 were children, 18 (62%) of whom have had a good result. Of the 28 adults, 18 (64%) have had a good result. A good result is defined as: 1) complete cessation of all seizures; 2) a reduction in seizure frequency permitting employment or education, neither of which was possible before surgery; or 3) reduction in seizure frequency avoiding institutionalization.
We have experienced two complications. One patient had a wound infection that involved the scalp and responded to drainage and antibiotics. In another, the bone flap underwent aseptic necrosis and had to be removed. There were no hematomas.
The variety of lesions in the resected epileptogenic tissue is shown in Table 1 . Only three of the 72 patients who had resections failed to show pathological changes.
Localization of Temporal Lobe Seizure Foci with Epidural Recording Electrodes
Twenty patients, who were considered to be candidates for depth electrode recording to localize their focus, were evaluated instead with epidural recording arrays. In 15 of these patients, a unilateral seizure focus was identified, and they underwent an anterior temporal lobectomy. In the remainder, either a clinical seizure did not occur during the recordings and the interictal record was inconclusive for identifying a focus, or the seizures originated variably in either temporal lobe. Pathological changes were found in all 15 patients who underwent anterior temporal lobectomy; furthermore, in 11 patients, the epidural recordings had distinguished correctly between a medial and lateral focus ( poral lobe in one (Case 5, Table 2 ; Fig. 7 ) and in the lateral temporal cortex in the other (Case 6, Table 2 ; Fig. 8 ).
One patient (Case 3, Table 2 ) is of special interest. This patient was evaluated with depth electrodes in 1973; during that monitoring period, he showed independent spike discharges coming from both temporal lobes. Stimulation through the depth electrodes in the left temporal lobe repeatedly evoked his usual clinical seizure; however, stimulation on the right side produced only a brief electrical afterdischarge unassociated with any behavioral change. His spontaneous clinical seizures were ushered in by electrical seizure activity which appeared first in the right medial temporal lobe. He declined surgery at that time. In March, 1983, at the age of 51 years, 10 years after being evaluated with depth electrodes, he returned to be reevaluated for surgery because his seizures had been poorly controlled over the years. While he was being monitored with epidural temporal lobe arrays, his interictal recordings showed sustained electrical seizure discharges coming independently from both temporal lobes (Fig. 9) . Recordings were made during eight of his typical clinical seizures. With each, the findings were the same as those in 1973: the clinical seizure was ushered in by electrical seizure activity which began in the right temporal lobe and then spread to the left (Fig. 10) . The patient underwent a right anterior temporal lobectomy. The anterior hippocampus showed florid changes of mesial sclerosis. It is too soon since surgery (in March, 1983) to comment conclusively on the surgical result. Postoperatively, the patient has had no partial seizures, but has had two episodes of generalized seizures. Over the years, he has experienced grand mal seizures in addition to partial complex seizures, usually resulting from failure to take his medication. Arrow indicates onset of spontaneous seizure activity in Channels 4 and 5 overlying the inferior and middle temporal gyri, respectively. Seizure activity, characterized by low-voltage fast activity, quickly spread to the fight medial temporal leads (Channels 1, 2, and 3) and to the left medial temporal leads (Channels 6, 7, and 8). In the interictal recording, a brief (l-second) spike discharge occurred periodically in the inferior temporal gyrus (note beginning of trace in Channel 4). Pathological examination of the resected tissue revealed a focal area of neuronal loss and astrocytosis in the inferior temporal gyrus. The remainder of the temporal lobe was normal. See Fig. 7 for definitions of labels.
Discussion
Two Important Modifications of the Method
been increased from 24 to 48, with an inter-electrode distance of 1 cm. In addition, we have incorporated a switching matrix in the recording system, which is under microprocessor control and responds instantly to a keyboard command to select any of 16 bipolar recording sites from the 48-electrode array. The advantage of these modifications is best appreciated by considering how one would go about selecting 16 new recording sites with the usual recording methods used in mapping the epileptogenic focus during surgery under local an-FIG. 9. Interictal epidural recordings with a temporal lobe electrode array in Case 3. For definitions of labels see Fig. 7 . Left: Independent spiking is seen coming from both temporal lobes but predominantly from the right. Right: Independent spiking coming from both temporal lobes but predominantly from the left. esthesia. In the conventional situation, the surgeon must manually reposition each of the 32 electrodes to new recording sites. Compare this task with merely having to type in any one of many (up to 12) preprogrammed recording matrices, such as "Matrix A-E (execute)". The 16 new recording sites are established almost the moment the letter "E" is punched.
Since the usual electrode array used in electrocorticography under local anesthesia is 16, our 48 epidural electrode array permits us to simultaneously monitor from a larger number of electrodes and wider area of cortex. Consider the situation in which one wishes to leave the recording sites unchanged, but record from different electrode combinations. For example, if 48 electrodes are arranged in six separate rows of eight electrodes each, and recordings are being made between 16 different pairs of sagittally oriented electrodes, (that is, between 1-2, 2-3, etc. in Row 1, and 9-10, 10-11, etc. in Row 2, for a total of 16 separate recording sites), and one wishes to record instead between coronally oriented electrodes (that is, 1-9, 2-10, etc.), numerous separate switches must be turned manually to accomplish the change using conventional electroencephalographs. By contrast, the microprocessor-controlled switching matrix not only accomplishes this task within about 2 seconds, but also quickly reviews the change and provides a readout that assures the surgeon that the change has been carried out without error.
We plan to expand the array to a total of 165 electrodes; 11 rows of 15 linearly oriented electrodes with an inter-electrode distance of 5 mm in both the coronal and sagittal planes. This should provide a spatial resolution for stimulation through the recording electrodes equal to that of manually exploring the cortical surface with a bipolar electrode in which the tips are separated by 5 mm, the method usually used during surgery under local anesthesia. The method should significantly enhance the mapping of functional areas in cerebral cortex, especially language representation, because it can be carried out extraoperatively, in a leisurely and comfortable situation over a period of days rather than the few hours during surgery.
Sensory Evoked Responses
Since it is possible to localize the sensorimotor area with cortical stimulation under anesthesia, the recording SER's may appear superfluous. However, under anesthesia the threshold for producing movement is raised. Much time is usually spent in varying stimulus intensities and exploring the cortical surface with the stimulating electrode. By contrast, recording of SER's quickly (within several minutes) identifies the sensorimotor hand region. Even under local anesthesia, it is a much quicker and more efficient method for identifying the sensorimotor region.
In certain instances, however, cortical stimulation is an important adjunct to SER's for the precise localization of the somatosensory and motor hand area. This is the case when a response is evoked in both motor and somatosensory cortices, or in the occasional case when a clear-cut phase reversal does not occur between two adjacent responses. In the above two instances, the advantage of using SER's is that they quickly identify the sensorimotor region. The area may then be explored with the cortical stimulating electrode to identify precisely the motor hand and face areas; one does not have to spend time searching blindly for the domain of the sensorimotor cortex.
In young children, recording of SER's is especially valuable because the motor cortex may be electrically inexcitable and the recordings are the only means of somatic localization. The reason for the electrical inexcitability of motor cortex is not clear. It does not appear to be related to pathological changes in the motor cortex, because in some patients the seizure focus did not involve the motor cortex, and in all patients the computerized tomography scans were either completely normal or showed no abnormality in the sensorimotor region. A disassociation between the ontogenetic development of electrical excitability of motor cortex and the ability of the somatosensory cortex to generate a response to sensory stimulation may be the explanation. 3 In newborn monkeys, large areas of the precentral gyrus are nonreactive to electrical stimulation. When movements are produced, strong stimulus intensities are required and the movements are usually gross, bilateral, and ill-defined. From a few isolated points, contralateral limb and digit movement can be produced. As the animal matures, the stimulus threshold for producing movement decreases, the inexcitable areas shrink, and contralateral limb and digit movements replace the gross bilateral ones? We have obtained similar results in newborn rabbits in unpublished studies. By contrast, SER's in rabbits can be obtained on the first postnatal day, and by the age of 21 days the response has the same configuration as that obtained in mature animals. 6 It is possible that in the young children in whom we found the cortex electrically inexcitable, our stimulating electrodes were in a silent area of the immature motor cortex, or much stronger stimulus intensities than the ones we used were required to obtain a response.
Use of Epidural Arrays in Temporal Lobe Epilepsy
The patient described in Results (Case 3, Table 2 ; Figs. 9 and 10) is of special interest because he provided the opportunity to compare depth and epidural recordings in the same patient. The depth recordings demonstrated a right medial temporal focus, which was verified 10 years later with epidural recordings. This case demonstrates two additional interesting findings. First is the possible risk of relying on stimulus-induced seizures to localize the epileptogenic focus. Although electrical stimulation via the depth electrodes produced a seizure only when the left hippocampus was stimulated, the spontaneous clinical seizures arose consistently from the right medial temporal lobe, and pathological examination of this lobe after it was resected showed marked changes of mesial sclerosis. In this patient, had resection been carried out on the left side on the basis of the electrically induced seizures, he would have incurred a profound impairment of memory function? The other interesting observation relates to the phenomenon of secondary epileptogenesis (kindling), 7'3 the experimental production of a secondary epileptogenic focus in an area of brain that is repeatedly activated by a primary epileptogenic focus with which it has rich connections. 7 The possible clinical importance of this phenomenon is whether or not a chronically active seizure focus will produce, with time, new foci that are capable of generating clinical seizures. The findings in Case 3 suggest that, at least in some patients, the answer is no. On two different occasions, separated by an interval of 10 years, it was demonstrated that the patient's clinical seizures arose only from the fight medial temporal lobe. True, he had an independent electrical focus in the left temporal lobe, and electrical stimulation of the left hippocampus produced a replica of his usual partial complex seizure, but his spontaneously occurring seizures arose only in the right medial temporal lobe. These findings are made more significant by the fact that his history of partial complex seizures spans a period of 44 years, beginning at 7 years old.
Results obtained with epidural monitoring do not indicate how much of the hippocampus should be resected. We use a standard resection of approximately 2.5 cm of the anterior hippocampus in all cases, unless gross pathology is obvious more posteriorly. It is possible, therefore, that the method may fail in the kind of cases where monitoring with depth electrodes identifies a posterior hippocampal focus, and successful treatment may require a posterior hippocampal resection? Another possible disadvantage of epidural monitoring is the duration of monitoring used with epidural arrays (up to several days), compared to the duration of depth recording (up to several weeks). We limit our recording periods to several days as a precaution against infection. Thus, it is possible that some of those patients whose focus could not be localized because they failed to have a seizure during the period of epidural monitoring may have had localization of their focus with longer periods of recording.
The main questions regarding epidural recordings, however, are whether they can reveal the symptomatic temporal lobe with the same degree of accuracy as depth electrode recording, and whether the results of resection, based on the records they provide, equal the operative results based on depth recordings. Several observations suggest that the answer will be yes, and that it may be unnecessary to penetrate the brain with probes to localize medial temporal lobe foci: 1) pathological changes were found in every patient who underwent temporal lobectomy; 2) in the majority of cases, epidural recordings could distinguish between a focus in the hippocampus and one in the lateral temporal cortex; and 3) seven of 10 patients who have been followed for between 9 months and 31 years have had a good result.
